Datum
Horizontal coordinate information is referenced to North American Datum of 1983 (NAD 83).
Vertical coordinate information is referenced to the North American Vertical Datum of 1988 (NAVD 88).
Elevation, as used in this report, refers to distance above the vertical datum.
Supplemental Information
Water year is the 12-month period from October 1 through September 30 of the following calendar year. The water year is designated by the calendar year in which it ends. For example, water year 2011 is the period from October 1, 2010, through September 30, 2011. 
Abstract
The U.S. Geological Survey (USGS), in cooperation with the Montana Department of Natural Resources and Conservation, completed a study to update methods for estimating peak-flow frequencies at ungaged sites in Montana based on peak-flow data at streamflow-gaging stations through water year 2011. The methods allow estimation of peak-flow frequencies (that is, peak-flow magnitudes, in cubic feet per second, associated with annual exceedance probabilities of 66.7, 50, 42.9, 20, 10, 4 , 2, 1, 0.5, and 0.2 percent) at ungaged sites. The annual exceedance probabilities correspond to 1.5-, 2-, 2.33-, 5-, 10-, 25-, 50-, 100-, 200-, and 500-year recurrence intervals, respectively.
Regional regression analysis is a primary focus of Chapter F of this Scientific Investigations Report, and regression equations for estimating peak-flow frequencies at ungaged sites in eight hydrologic regions in Montana are presented. The regression equations are based on analysis of peak-flow frequencies and basin characteristics at 537 streamflowgaging stations in or near Montana and were developed using generalized least squares regression or weighted least squares regression.
All of the data used in calculating basin characteristics that were included as explanatory variables in the regression equations were developed for and are available through the USGS StreamStats application (http://water.usgs.gov/ osw/streamstats/) for Montana. StreamStats is a Web-based geographic information system application that was created by the USGS to provide users with access to an assortment of analytical tools that are useful for water-resource planning and management. The primary purpose of the Montana StreamStats application is to provide estimates of basin characteristics and streamflow characteristics for user-selected ungaged sites on Montana streams. The regional regression equations presented in this report chapter can be conveniently solved using the Montana StreamStats application.
Selected results from this study were compared with results of previous studies. For most hydrologic regions, the regression equations reported for this study had lower mean standard errors of prediction (in percent) than the previously reported regression equations for Montana. The equations presented for this study are considered to be an improvement on the previously reported equations primarily because this study (1) included 13 more years of peak-flow data; (2) included 35 more streamflow-gaging stations than previous studies; (3) used a detailed geographic information system (GIS)-based definition of the regulation status of streamflow-gaging stations, which allowed better determination of the unregulated peak-flow records that are appropriate for use in the regional regression analysis; (4) included advancements in GIS and remote-sensing technologies, which allowed more convenient calculation of basin characteristics and investigation of many more candidate basin characteristics; and (5) included advancements in computational and analytical methods, which allowed more thorough and consistent data analysis.
This report chapter also presents other methods for estimating peak-flow frequencies at ungaged sites. Two methods for estimating peak-flow frequencies at ungaged sites located on the same streams as streamflow-gaging stations are described. Additionally, envelope curves relating maximum recorded annual peak flows to contributing drainage area for each of the eight hydrologic regions in Montana are presented and compared to a national envelope curve. In addition to providing general information on characteristics of large peak flows, the regional envelope curves can be used to assess the reasonableness of peak-flow frequency estimates determined using the regression equations.
Introduction
Reliable information on peak-flow characteristics at specific sites is essential for many water-resources applications including effective planning and management of water resources and flood plains, protection of lives and property in flood-prone areas, determination of actuarial flood-insurance rates, and design of highway infrastructure. Peak-flow data are readily available at sites that are monitored by streamflowgaging stations (hereinafter referred to as gaging stations) and can be downloaded through the U.S. Geological Survey (USGS) National Water Information System (NWIS; http://waterdata.usgs.gov/nwis; U.S. Geological Survey, 2015a). Streamflow data from gaging stations can be statistically analyzed to estimate peak-flow frequencies (that is, peak-flow magnitudes, in cubic feet per second, with annual exceedance probabilities (AEPs) of 66.7, 50, 42.9, 20, 10, 4, 2, 1, 0.5, and 0.2 percent) . The AEPs correspond to 1.5-, 2-, 2.33-, 5-, 10-, 25-, 50-, 100-, 200-, and 500-year recurrence intervals, respectively. reported peak-flow frequencies for 725 gaging stations in Montana based on data through water year 2011 (water year is the 12-month period from October 1 through September 30 and is designated by the year in which it ends). For many water-resources applications, the peak-flow frequencies also are needed at ungaged sites. Peak-flow frequencies can be estimated for ungaged sites using various methods, including regional regression analysis. Regional regression analysis involves standard multivariate regression techniques that analyze relations between peak-flow frequencies and physical basin characteristics (such as contributing drainage area and mean basin elevation), as well as climatic basin characteristics (such as mean annual precipitation).
Previous reports of methods for estimating peak-flow frequencies at ungaged sites in Montana include Berwick (1958) , Parrett and Omang (1981) , Omang and others (1986) , Omang (1992) , and Parrett and Johnson (2004) . The most recent report (Parrett and Johnson, 2004) was based on data through water year 1998. Changing climatic conditions, increasing periods of data collection, new gaging stations, and improved analytical methods necessitate periodic updates of the regional regression equations. Thus, the USGS, in cooperation with the Montana Department of Natural Resources and Conservation, completed a study to update methods for estimating peak-flow frequencies at ungaged sites in Montana based on peak-flow data at gaging stations through water year 2011.
Purpose and Scope
The study described in Chapter F of this Scientific Investigations Report is part of a larger study to develop a StreamStats application for Montana, compute streamflow characteristics at gaging stations, and develop regional regression equations to estimate streamflow characteristics at ungaged sites (as described fully in Chapters A through G of this Scientific Investigations Report). The purpose of Chapter F is to describe methods for estimating peakflow frequencies in Montana, with emphasis on estimating peak-flow frequencies at ungaged sites. Regional regression analysis is a primary focus of this report chapter, which documents the development of regression equations (for eight hydrologic regions in Montana) that are based on peak-flow frequencies and basin characteristics at 537 gaging stations ( fig. 1, Montana. The regression equations were developed using generalized least squares (GLS) regression (Tasker and Stedinger, 1989) or weighted least squares (WLS) regression (Tasker, 1980) and can be used to estimate peak-flow frequencies at ungaged sites in eight hydrologic regions ( fig. 1 ) in Montana.
This report chapter also presents other methods for estimating peak-flow frequencies at ungaged sites. Two methods for estimating peak-flow frequencies at ungaged sites located on the same streams as gaging stations are described. Additionally, envelope curves relating maximum recorded annual peak flows to contributing drainage area for each of eight hydrologic regions in Montana are presented and compared to a national envelope curve and regional regression lines for 1-percent AEP peak flows (Q 1 ).
General Flood Characteristics in Montana
Montana is a large (approximately 147,000 square miles [mi 2 ]) State with diverse topographic and climatic conditions creating highly variable hydrologic characteristics. The western part of Montana generally consists of rugged, mountainous terrain sometimes separated by large, intermontane valleys, whereas the eastern part of Montana is characterized by rolling or flat plains, interspersed with areas of deeply incised streams and rugged relief referred to as "badlands" or "breaks." Most of the mountainous, western part of Montana is in the Canadian, Northern, and Middle Rockies ecoregions, whereas most of the nonmountainous, eastern part is in the Northwestern Glaciated Plains and Northwestern Great Plains ecoregions (Woods and others, 2002) . Elevations in Montana range from about 12,800 feet (ft) above the North American Vertical Datum of 1988 (NAVD 88) in some mountain ranges to about 1,800 ft in eastern plains areas and in the Kootenai River Basin in extreme northwest Montana. The general elevation information was based on a geographic information system (GIS) analysis of the National Elevation Dataset (NED; Gesch and others, 2002) . Mean annual precipitation also is highly variable and ranges from about 110 inches (in.) in some mountainous areas of western Montana to about 10 in. generally in low-altitude plains areas (PRISM Climate Group, 2004) .
In this report chapter, the terms "flood" and "annual peak flows" are used in the discussion of high-streamflow characteristics. A flood is any high streamflow that overtops the natural or artificial banks of a river. An annual peak flow is the annual maximum instantaneous discharge recorded for each water year that an individual gaging station is operated. A given annual peak flow might not overtop the river banks and thus might not qualify as a flood. "Peak flow" is used in reference to high-streamflow characteristics at gaging stations; "flood" or "flooding" is used in more general reference to high-streamflow characteristics of an area or hydrologic region. Flooding in Montana primarily is affected by topography and the source and timing of precipitation events and snowmelt (Parrett and Johnson, 2004) . General flood characteristics for selected hydrologic regions in Montana are presented in table 1. Frequency distributions of proportions of annual peak flows in each month (that is, the monthly timing of peak flows) for all gaging stations in each hydrologic region are shown in figure 2. In much of western Montana, most of the annual precipitation falls as snow in the winter and comes from moist air masses that originate over the Pacific Ocean. Thus, flooding generally is the result of mountain snowmelt runoff, frequently combined with rainfall runoff, in May and June. Winter rains or rain onto melting snow in western Montana valleys can occasionally cause substantial flooding, and intense summer thunderstorms can occasionally cause flooding. On the eastern slopes of the Continental Divide, severe flooding sometimes results from large May or June rains that originate from moist air masses from the Gulf of Mexico. Although these rains generally dissipate as the moist air is uplifted over the crest of the Continental Divide, the largest storms have crossed the divide and caused severe flooding on the western slopes as well as the eastern slopes (Boner and Stermitz, 1967) .
Flooding in the plains and breaks of eastern Montana is less predictable (Parrett and Johnson, 2004) . Large storms that result in flooding might come from the Pacific Ocean or Gulf of Mexico. In some years, flooding in this area might result from snowmelt runoff in the spring or snowmelt combined with rain over the plains. Intense summer thunderstorms can sometimes cause flooding on the plains. Flooding in eastern Montana tends to be more variable, both spatially and temporally, than in western Montana because precipitation from large storms is more variable. Thunderstorms are more prevalent in eastern Montana than in western Montana, and thunderstorms are highly variable in terms of extent, location, and precipitation amounts and intensities.
Peak-Flow Frequencies at StreamflowGaging Stations
The USGS has been collecting and publishing annual peak-flow records at gaging stations in Montana for more than 100 years (U.S. Geological Survey, 2015; table 1-1). determined peak-flow frequencies for 725 gaging stations in and near Montana that had at least 10 years of systematic record based on data through water year 2011. Methods of data compilation and analysis are described by . These methods relate to determination of the regulation status of gaging stations, data compilation and pre-analysis manipulation, and peak-flow frequency analysis.
Methods for Estimating Peak-Flow Frequencies at Ungaged Sites in Montana
The USGS, in cooperation with the Montana Department of Natural Resources and Conservation, updated methods for estimating peak-flow frequencies at ungaged sites in Montana based on peak-flow data at gaging stations through water year 2011, which is the focus of this report chapter. The development and results of the updated methods are described in the following sections.
Regional Regression Analysis and Results
Regional regression analysis involves determining relations between peak-flow frequencies and basin characteristics at gaging stations to estimate peak-flow frequencies at ungaged sites. Various procedures used in the regional regression analysis are described in the following subsections.
Selection of Streamflow-Gaging Stations Used in the Regional Regression Analysis
Sando, McCarthy, and Dutton (2016) determined peakflow frequencies for 725 gaging stations in or near Montana that had at least 10 years of systematic record using methods described by the U.S. Interagency Advisory Council on Water Data (1982) , commonly referred to as Bulletin 17B. The 725 gaging stations were screened for suitability for inclusion in the regional regression analysis for the study described in this report chapter based on the following criteria: (1) contributing drainage area less than about 2,750 mi 2 , (2) peak-flow records unaffected by major regulation, (3) small redundancy with nearby gaging stations, and (4) representation of peakflow frequencies at sites within Montana.
The criterion of contributing drainage area less than about 2,750 mi 2 serves to restrict the regional regression analysis to smaller streams that might not be represented by data from gaging stations. Typically, most streams with contributing drainage areas larger than about 2,750 mi 2 have one or more gaging stations on the stream channel, and the gaged records can be used to provide peak-flow frequency estimates at ungaged locations on those streams. Thus, only gaging stations with contributing drainage areas less than about 2,750 mi 2 were included in the regional regression analysis.
Reservoir storage and operations have the potential to substantially affect streamflow characteristics, and peak-flow data affected by regulation is unsuitable for the regional regression analysis. The USGS maintains a geospatial database of dams in Montana (McCarthy and others, 2016) that was used to define the regulation status for Montana gaging stations. The specific methods used for this study to determine the regulation classification of gaging stations in Montana are described by McCarthy and others (2016) . Based on the USGS regulationclassification criteria used for this study, a gaging station is considered to be unregulated if the cumulative drainage area of all upstream dams is less than 20 percent of the drainage area of the gaging station and no large diversion canals are upstream from the gaging station. A gaging station is considered to be regulated if the cumulative drainage area of all upstream dams exceeds 20 percent of the drainage area of the given gaging station. If the drainage area of a single upstream dam exceeds 20 percent of the drainage area of a given gaging station, the regulation is classified as major. If no single upstream dam has a drainage area that exceeds 20 percent of the drainage area of a given gaging station, the regulation is classified as minor. In the regional regression analysis, peak-flow frequency estimates affected by major regulation were excluded. For this study, in cases where a large diversion canal was known to be located on the channel upstream from a gaging station, the gaging station also was considered to have major regulation, and affected peak-flow frequency estimates were excluded from the regional regression analysis. In some cases, a gaging station had peakflow records before and after the construction of major regulation structures; peak-flow frequency estimates for the unregulated period were included in the regional regression analysis.
Gaging stations classified as having minor regulation also were included in the regional regression analysis. A redundant gaging-station analysis was conducted to account for spatial autocorrelation in peak-flow records of gaging stations located on the same stream channel. In cases where a gaging station was located on a large tributary upstream from a gaging station on a primary stream channel, the two gaging stations were considered to be on the same stream channel in the redundant gaging-station analysis. If there were multiple gaging stations on the same stream channel, the drainage areas of the gaging stations were examined. If two adjacent gaging stations on the same stream channel had drainage areas that were within about 0.5-2.0 times the other gaging station, the gaging station with the shortest period of record was usually excluded from the regional regression analysis; however, if excluding the gaging station with the longer period of record allowed for the inclusion of an additional gaging station because another instance of redundancy was eliminated, the gaging station with the longer period of record was excluded.
The drainage basins of some of the gaging stations included in are largely or entirely outside of Montana. Some of those gaging stations were excluded from the regional regression analysis if their drainage basins were considered to provide poor representation of peak-flow frequencies in Montana or if there were potential effects from undocumented regulation in the basin.
Of the 725 gaging stations with peak-flow frequencies reported by , 537 gaging stations met the screening criteria and were selected for inclusion in the regional regression analysis. Information on the 537 selected gaging stations is presented in table 1-1 in appendix 1 at the back of this report chapter.
Basin Characteristics
Basin characteristics investigated as potential explanatory variables in the regional regression analyses were selected based on previous studies (Berwick, 1958; Parrett and Omang, 1981; Omang and others, 1986; Omang, 1992; and Parrett and Johnson, 2004) , theoretical relations with peak flows, and the ability to generate the characteristics using GIS analysis and digital datasets. In previous regional regression studies for Montana, basin characteristics were manually estimated using paper topographic maps and overlaying transparent gridded cells on the maps. In previous studies, the number of candidate basin characteristics has ranged from 2 (Berwick, 1958) to 12 (Parrett and Omang, 1981) . For this study, 28 basin characteristics were selected as candidate variables in the regression analyses and are presented in table 2. Because of the nonlinear relation between streamflow and the explanatory variables, all data were log-transformed prior to analysis. Additionally, the basin characteristics of mean basin elevation (E), maximum basin elevation, minimum basin elevation, and relief (maximum minus minimum elevation of drainage basin) were divided by 1,000 prior to analysis to get coefficients that are comparable in magnitude to other basin characteristics. Also, a value of one was added to basin characteristics that are presented as a percentage of the basin (that is, percentage of drainage basin above 5,000 ft elevation [E 5000 ], 5,500 ft elevation, 6,000 ft elevation [E 6000 ], 6,500 ft elevation, and 7,000 ft elevation; percentage of drainage basin with forest land cover [F], urban land cover, and wetland land cover; percentage of drainage basin in lakes, ponds, and reservoirs; percentage of drainage basin with north-facing slopes greater than or equal to 30 percent; and percentage of drainage basin with slopes greater than 30 percent [SLP 30 ] and 50 percent) to allow for log-transformation of basin characteristic values that were previously zero.
Of the 28 candidate basin characteristics, 7 were determined to have significant (p-value less than 0.05) relations with peak-flow characteristics (table 2) and were used in the final regression equations. The most consistently important basin characteristic was contributing drainage area (A), which was used in all of the regression equations. Other basin characteristics determined to be significant and used in the final regression equations of one or more of the hydrologic regions include E 5000 , E 6000 , mean spring (March-June) evapotranspiration (ET SPR ), F, mean (1971-2000) annual precipitation (P), and SLP 30 .
Drainage basins were delineated using a combination of 30-meter digital elevation data from the NED (Gesch and others, 2002) and the Watershed Boundary Dataset (WBD) obtained from the National Hydrography Dataset (NHD) version 2 (Horizon Systems Corporation, 2013). The data for each candidate basin characteristic were converted into a digital Table 2 . Selected basin characteristics considered as potential candidate explanatory variables in the regional regression equations.
[*, denotes statistically significant (p-value less than 0.05) coefficient in the regional regression equations of at least one of the hydrologic regions] grid or raster format and overlaid on the basin boundaries for each gaging station using standard tools available in ArcMap (Esri, Inc., 2014) . The data could then be summarized for each gaging station and its associated basin. All of the data used in calculating basin characteristics that were used as explanatory variables in the final regression equations are available through the USGS StreamStats Program (http://water.usgs. gov/osw/streamstats/; U.S. Geological Survey, 2015b) application for Montana. Basin characteristics for ungaged basins can be calculated using the StreamStats tool described in the following paragraph. StreamStats is a Web-based GIS application that was created by the USGS to provide users with access to an assortment of analytical tools that are useful for water-resource planning and management (U.S. Geological Survey, 2015a). StreamStats was designed for national application, with local USGS water science centers responsible for developing and processing the necessary geospatial data, computing streamflow characteristics, and developing regional regression equations to be deployed within StreamStats. StreamStats is accessed through a map-based user interface to make GISbased estimation of streamflow characteristics easier, faster, and more consistent than previously used manual techniques. Also, GIS-based calculation of basin characteristics allows consideration of many more basin characteristics potentially affecting streamflow characteristics than had previously been possible. The primary purpose of the Montana StreamStats application is to provide estimates of basin characteristics and streamflow characteristics for user-selected ungaged sites on Montana streams (McCarthy and others, 2016) . Additional information about StreamStats usage and limitations can be accessed at the StreamStats Web site (http://water.usgs.gov/ osw/streamstats/).
To estimate the peak-flow frequencies for 18 gaging stations used in the regression analyses, the peak-flow records were augmented by combining peak-flow records from two or more closely located gaging stations (typically with drainage areas within about 5 percent) on the same channel . To determine the basin characteristics for an individual augmented gaging station, the basin characteristics of the closely located gaging stations were combined by applying a weighted mean of the basin characteristic values on the basis of peak-flow record length that was contributed to the augmented dataset.
Definition of Hydrologic Region Boundaries for Montana
Definition of the hydrologic region boundaries for Montana was based on exploratory analysis in conjunction with consideration of the regional boundaries from the previous reporting of methods for estimating peak-flow frequencies at ungaged sites in Montana (Parrett and Johnson, 2004 (Esri, Inc., 2014) . The exploratory OLS regression analysis determined that three basin characteristics (A, relief, and mean annual precipitation) provided the best multivariate regression equation, as determined by comparison of pseudo coefficient of determination (R 2 ) values, and combined to account for about 60 percent of the variability in peak-flow frequencies on a statewide basis in Montana. Peak-flow magnitudes for the 2-, 1-, and 0.5-percent AEPs were then predicted with an OLS regression equation using the three explanatory variables. The 537 gaging stations were then separated into eight groups based on iterative K nearestneighbor (Altman, 1992) spatially constrained cluster analyses of the standardized residuals from the OLS analyses of the 2-and 1-percent AEPs using the Grouping Analysis tool in ArcGIS Desktop 10.2 (Esri, Inc., 2014) . The groups were then plotted in conjunction with the hydrologic region boundaries defined by Parrett and Johnson (2004) . Spatial patterns in the groups generally were well represented by the hydrologic region boundaries; however, in some cases, the residuals for an individual gaging station located near the boundary of two adjacent hydrologic regions were larger than typical, which indicated that minor adjustments to the hydrologic region boundaries might provide improvements in the regional regression equations. Thus, during the final stages of regression equation development, minor adjustments were made by moving a few gaging stations to adjacent hydrologic regions and appropriately redefining the hydrologic region boundaries. The eight hydrologic regions used in the regional regression analysis are (ordered clockwise from northwestern Montana) (1) West hydrologic region, (2) Northwest hydrologic region, (3) Northwest Foothills hydrologic region, (4) Northeast Plains hydrologic region, (5) East-Central Plains hydrologic region, (6) Southeast Plains hydrologic region, (7) Upper Yellowstone-Central Mountain hydrologic region, and (8) Southwest hydrologic region ( fig. 1 ).
Exploratory Data Analysis
Initially, for each hydrologic region, relations of peakflow frequencies and basin characteristics were investigated using a type of all-subsets OLS regression analysis in the Exploratory Regression tool in ArcGIS Desktop 10.2 (Esri, Inc., 2014) . The all subsets regression analysis in the Exploratory Regression tool incorporates several statistical diagnostic methods. In the selection of best-fit regression equations, the analysis considered (1) the adjusted R 2 , (2) the statistical significance of the coefficients of the explanatory variables (as determined by a p-value less than 0.05), (3) the cross-correlation of explanatory variables (as determined by the variance inflation factor [VIF; Helsel and Hirsch, 2002] ), (4) the normality of the residuals (as determined by the Jarque-Bera test; Jarque and Bera, 1987), and (5) the spatial autocorrelation of the residuals (as determined by the global Moran's I Index value; Moran, 1950) . A nonparametric random forest analysis (Breiman, 2001) , with all 28 candidate basin characteristics (table 2) included, also was done to further assess multivariate and univariate importance of explanatory variables. The exploratory analyses were done on all AEPs, but when evaluating the results, emphasis was placed on the 2-and 1-percent AEPs. Results of the exploratory analyses were used to identify a best-fit OLS regression equation with the most important and consistent combination of candidate basin characteristics for each hydrologic region. Selection of the best-fit OLS regression equation for each hydrologic region primarily was based on the regression equation with the largest adjusted R 2 while also having (1) explanatory variables with significant coefficients (p-value less than 0.05) for the regression equations for either the 2-or 1-percent AEP peak flows, (2) a VIF value less than 2, and (3) residuals with a nonsignificant (p-value greater than 0.05) global Moran's I Index value. Other considerations in selection of the best-fit OLS regression equation included investigation of (1) the explanatory variables used in regional regression equations from previous studies (Omang, 1992; Parrett and Johnson, 2004) , (2) the normality of the explanatory variables, (3) the Akaike Information Criterion (Akaike, 1973) of each regression equation, and (4) the hydrologic basis for relations between the peak-flow frequencies and the explanatory variables.
Regional Regression Analysis
After selection of best-fit OLS regression equations for each hydrologic region, final regression equations for seven hydrologic regions (the West, Northwest Foothills, Northeast Plains, East-Central Plains, Southeast Plains, Upper Yellowstone-Central Mountain, and Southwest hydrologic regions) were developed with GLS regression (Tasker and Stedinger, 1989) . Final regression equations for one hydrologic region (the Northwest hydrologic region) were developed with WLS regression. All GLS and WLS regression analyses were conducted using the Weighted-Multiple-Linear Regression Program (WREG; Eng and others, 2009) . Because differences between OLS regression and GLS or WLS regression can potentially affect relative importance among explanatory variables that might be spatially autocorrelated, the basin characteristics in the best-fit OLS regression equations initially were verified as also representing best-fit GLS or WLS regression equations. Emphasis was placed on the best-fit GLS or WLS regression equations for 2-or 1-percent AEP peak flows in each hydrologic region.
Generalized Least Squares Regression Analysis
GLS regression, unlike OLS regression, considers the time-sampling error and the interstation correlation of the dependent variable (that is, a peak-flow magnitude for the indicated annual exceedance probability [Q AEP ]). Two assumptions of OLS regression that commonly are violated in regional regression analyses are that annual peak flows have constant variance, or homoscedasticity, and are independent from site to site, or no spatial autocorrelation. The assumption of homoscedasticity typically is violated because the variance is somewhat dependent on the length and timing of the systematic record, which often varies between gaging stations. The assumption of no spatial autocorrelation commonly is violated because of cross correlation between concurrent peak flows for different gaging stations. The GLS regression procedure takes into consideration the time-sampling error in the peak-flow series (heteroscedasticity) and the interstation correlation (spatial autocorrelation) between sites, and thus overcomes the violation of assumptions that can happen when applying OLS regression to regional streamflow studies. The GLS regression procedure also provides better estimates of the predictive accuracy of peak-flow frequencies that are computed by the regression equations and also provides almost unbiased estimates of the variance of the underlying regression equation error (Tasker and Stedinger, 1989) . Thus, GLS regression generally results in equations that are more reliable than those developed by OLS regression for this purpose.
The WREG procedures for GLS regression allow the fitting of a smoothing function that describes the general relations between peak-flow series and geographic distance among the streamgages to assist in compensating for spatial autocorrelation. Appropriate smoothing functions were able to be developed for the seven hydrologic regions (the West, Northwest Foothills, Northeast Plains, East-Central Plains, Southeast Plains, Upper Yellowstone-Central Mountain, and Southwest hydrologic regions) for which GLS regression was applied; however, an appropriate smoothing function could not be developed for the Northwest hydrologic region because it had strong spatial autocorrelation among a large proportion of the streamgages that largely was independent of spatial distance between individual streamgages. Thus, regression equations for the Northwest hydrologic region were developed using WLS regression analysis, as described in the following section "Weighted Least Squares Regression Analysis."
Weighted Least Squares Regression Analysis
The final regression equations for the Northwest hydrologic region were developed with WLS regression (Tasker, 1980) using the WREG Program (Eng and others, 2009 ). In WLS regression, weights are assigned such that streamgages that have more reliable estimates of peak-flow frequencies (typically a function of the length of the period of record) have larger weights. Thus, WLS regression considers time-sampling error, but unlike GLS regression, it does not consider interstation correlation.
Regional Regression Equations
For each gaging station, the data for the dependent variables (Q AEP ) and explanatory variables (basin characteristics) that were used in developing the final GLS or WLS regression equations are presented in tables 1-2 and 1-3, respectively, in appendix 1 at the back of this report chapter (available at https://doi.org/10.3133/sir20155019F). Because of nonlinear relations between Q AEP and the explanatory variables, all variables were transformed before analysis. Thus, the regression equations are of the following log-linear form: 
where K′ is the antilog (10 K ) of the linear regression constant and all other terms are as previously described.
For each hydrologic region, the final GLS or WLS regression equations for estimating peak-flow frequencies at ungaged sites in Montana are presented in table 1-4 in appendix 1 at the back of this report chapter (available at https://doi.org/10.3133/sir20155019F). Included in table 1-4 are measures of reliability of the equations, including the model error variance ( σ δ 2 , in log units), the mean variance of prediction (MVP, in log units), the mean standard error of prediction (SEP, in percent), the mean standard error of model (SEM, in percent), and the pseudo R 2 (in percent). The SEP is the sum of the model error and the sampling error. The MVP represents the mean accuracy of prediction for all the gaging stations used in the regression analysis. The MVP and SEP are measures that indicate how well the equation will predict Q AEP for ungaged sites. The pseudo R 2 and SEM are metrics that indicate how well the equation predicted Q AEP for the gaging stations used in the analysis.
Although the SEP provides an indication of the mean reliability of a regression equation within a region, the SEP should be calculated for individual estimates if reliability of a particular estimate is required. The following equation can be used to calculate the standard error of prediction for a particular estimate (SEP 0 ): Once the SEP 0 has been calculated for a particular estimate, the SEP 0 can be used to calculate a confidence interval for the same estimate using the following equation:
where CI 0,α is the confidence interval, in log units, for an estimate at site 0 with a significance level
is the Student's t value for a confidence level of 100(1-α) percent and (n-[p+1]) degrees of freedom; and n and p are the number of gaging stations used in the regression equation and the number of explanatory variables (basin characteristics) used in the regression equation, respectively.
If the peak-flow frequency at site 0 (Q AEP, 0 ) is converted to a logarithm (log Q AEP, 0 ) the confidence interval can be expressed in units of discharge using the following equation: 
where CI 0,α is the confidence interval, in log units, for an estimate at site 0 with a confidence level of α; Q AEP is the peak flow, in cubic feet per second, with an annual exceedance probability (AEP) in percent; and true Q AEP, 0 is the true AEP peak flow at site 0. 
Limitations of Regional Regression Equations
The regression equations (table 1-4 in appendix 1 at the back of this report chapter) might not be reliable for an ungaged site if the values of any explanatory variables (basin characteristics) for that site are outside the range of values used to develop the equations (table 3) . Also, the regression equations might not be reliable if the values of the basin characteristics at a particular ungaged site do not fall within the joint probability distribution of all values of the explanatory variables used for that region. In other words, the regression equations might not be reliable if the values of the basin characteristics at a particular ungaged site are anomalously high or low compared to the values of all basin characteristics for gaging stations in that region. Solving the covariance matrix, X 
and n is the number of gaging stations used to develop the regional regression equation), the regression result might not be reliable. The regression equations were developed on streams that are considered to be unaffected or minimally affected by regulation or issues related to urbanization. Thus, the equations might not be reliable for estimating Q AEP for sites on regulated streams or sites that are affected by urbanization.
Although an effort was made to decrease the effect of regional bias on transregional streams, regression equations might not be reliable if an ungaged site of interest is located in a different region from the region where the stream originates. For streams that cross regional boundaries, the regression equation for each region can be applied separately, using basin characteristics at the site. The separate results then can be weighted in accordance with the proportion of drainage area in each region. For example, if 40 percent of the drainage area of an ungaged site is in the upstream region and 60 percent is in the downstream region, the estimate based on the equation for the upstream region can be multiplied by 0.4 and added to 0.6 times the estimate based on the equation for the downstream region. The SEP for such a weighted estimate also can be approximated by using the same weighting procedure based on drainage area. When the upstream part of an ungaged drainage basin is in the Northwest hydrologic region and the downstream part of the ungaged drainage basin is in the Northwest Foothills hydrologic region, weighting the separately calculated peak-flow frequencies in proportion to drainage area in each region is appropriate only for peak flows with AEPs greater than 4 percent (Parrett and Johnson, 2004) . Historically, some large peak flows on some streams in the Northwest Foothills hydrologic region that originated in the Northwest hydrologic region attenuate from upstream to downstream. Estimating peak-flow frequencies at ungaged sites in the Northwest Foothills hydrologic region that originate in the Northwest hydrologic region requires careful consideration of the characteristics of the specific ungaged drainage basin and the hydrologic complexities of the two regions.
Comparison of Regional Regression Equations with Results of Previous Studies
Selected results from this study are compared with results of previous studies (Parrett and Johnson, 2004; Omang, 1992) in table 4 and figure 3. In discussion of the comparisons, emphasis is placed on comparison of the results from this study with the results of Parrett and Johnson (2004) , with less emphasis placed on comparison of the results from this study with the results of Omang (1992) . In general, the regression equations reported by Omang (1992; based on data through water year 1988) have lower SEPs than the regression equations reported for this study and Parrett and Johnson (2004) . Since about the mid-1970s, variability in climatic conditions and peak-flow characteristics in Montana has generally increased (Pederson and others, 2010; Sando, McCarthy, and others, 2016) . Thus, the extended periods of record used in this study and Parrett and Johnson (2004) in relation to Omang (1992) might contribute to generally larger SEPs of the regression equations reported for this study and Parrett and Johnson (2004) in relation to regression equations reported in Omang (1992) .
The equations presented for this study are considered to be an improvement on the previously reported equations (Parrett and Johnson, 2004) primarily because this study (1) included 13 more years of peak-flow data; (2) included 35 more gaging stations; (3) used a detailed GIS-based definition of the regulation status of gaging stations, which allowed better determination of the unregulated peak-flow records that are appropriate for use in the regional regression analysis; (4) included advancements in GIS and remote sensing technologies, which allowed more convenient calculation of basin characteristics and investigation of many more candidate basin characteristics; and (5) included advancements in computational and analytical methods, which allowed more thorough and consistent data analysis.
For most hydrologic regions, the explanatory variables (basin characteristics) in the regression equations of this study were similar to or the same as the explanatory variables (basin characteristics) used in Parrett and Johnson (2004;  table 4) ; however, the GIS methods for computing the basin characteristics in this study (table 2; McCarthy and others, 2016) strongly differed from the methods of Parrett and Johnson (2004) , which were based on manual analysis of paper topographic maps. Also, this study includes mean spring (MarchJune) evapotranspiration (ET SPR , table 2) in the regression equations for the East-Central Plains and Southeast Plains hydrologic regions.
It is unlikely that evapotranspiration (ET) would have a direct substantial effect on streamflow during peak-flow conditions; however, it is likely that ET might serve as a surrogate for several hydrologic and land-surface characteristics that affect peak-flow potential in a drainage basin. The following discussion of possible indirect relations between ET and peak-flow potential is not intended to be a detailed analysis of the relevant issues but rather is intended to provide some possible explanations for the observed strong statistical relations between ET SPR and peak-flow frequencies in eastern Montana. Evapotranspiration might be affected by many factors, including land-surface temperature, vegetation cover, available moisture, and surface-to-atmosphere convective and advective processes. The regression coefficients of ET SPR for both regions are negative (table 1-4), which indicates an inverse relation between ET SPR and peak-flow frequencies. That is, in drainage basins where ET SPR is higher, Q AEP tends to be lower; conversely, in drainage basins where ET SPR is lower, Q AEP tends to be higher. ET might be higher in drainage basins with higher vegetation covers. Increasing vegetation cover might disrupt the delivery of precipitation to the land surface, disrupt overland flow and attenuate runoff, and increase delivery of moisture from the land surface to the atmosphere. ET might be lower in drainage basins with lower soil temperatures. Lower soil temperatures might contribute to increased frequency Table 4 . Selected results of regional regression analyses of this study compared with previous studies (Parrett and Johnson, 2004; Omang, 1992) .
[SEP, mean standard error of prediction; Q 66.7 , peak-flow magnitude for annual exceedance probability of 66.7 percent; A, contributing drainage area; P, mean annual precipitation; F, percentage of basin with forest land cover; E of frozen soil conditions during runoff events and thereby increase runoff potential. Thus, the observed strong statistical relations between ET SPR and peak-flow frequencies in eastern Montana were considered to be reasonable on the basis of theoretical hydrologic relations.
The SEP provides information on the reliability of the regression equations (that is, generally how well the equations can predict Q AEP at ungaged sites). Lower SEPs indicate lower errors and generally higher confidence in the results. Direct comparison of SEPs for this study with those of Parrett and Johnson (2004) is difficult because of fundamental differences in the datasets used in the regional regression analyses. The differences in the datasets include the period of record on which the peak-flow frequencies (Q AEP , the dependent variable) were determined, the specific gaging stations included, and the specific values for basin characteristics that were determined using different methods; however, consideration of general patterns in SEPs from regression equations included in both this study and Parrett and Johnson (2004;  that is, the 50-, 20-, 10-, 4-, 2-, 1-, 0.1-, and 0.2-percent AEPs) might provide useful information on the progression of estimating peak-flow frequencies at ungaged sites in Montana.
For most hydrologic regions, the regression equations reported for this study had lower SEPs than the regression equations reported by Parrett and Johnson (2004) ; however, for two hydrologic regions (Northwest Foothills and Upper Yellowstone-Central Mountain), the regression equations reported for this study had slightly to moderately higher SEPs than the regression equations reported by Parrett and Johnson (2004) . In the remainder of this section of this report chapter, specific differences between this study and Parrett and Johnson (2004) are discussed by hydrologic region. Emphasis is placed on differences in the number of gaging stations, the explanatory variables, and the SEPs.
West Hydrologic Region
For the West hydrologic region ( fig. 1) , the results of this study generally were similar to the results of Parrett and Johnson (2004) . This study included 17 more gaging stations than Parrett and Johnson (2004; table 4) ; the net change generally was because of the additional data collected after 1998. The regression equations reported for this study used the same explanatory variables as Parrett and Johnson (2004) but had slightly lower SEPs (a mean of about 3 percent lower and ranging from about 1 to 7 percent lower for an individual Q AEP ) than the regression equations reported by Parrett and Johnson (2004;  fig. 3 ).
Northwest Hydrologic Region
For the Northwest hydrologic region ( fig. 1) , the results of this study were somewhat different from the results of Parrett and Johnson (2004) . This study included three fewer gaging stations than Parrett and Johnson (2004; table 4) ; the net change generally was because of more discriminant screening of redundant gaging stations in this study, the use of WLS regression analysis rather than OLS regression analysis, and the use of different explanatory variables. The regression equations reported for this study used only A as an explanatory variable; however, Parrett and Johnson (2004) used A and P. The SEPs for this study were higher for the 50-and 20-percent AEP equations (a mean of about 27 percent higher), but lower for all other equations (a mean of about 26 percent lower and ranging from about 4 percent lower to about 38 percent lower for an individual Q AEP ) than the regression equations reported by Parrett and Johnson (2004;  fig. 3 ). Parrett and Johnson (2004) used OLS regression analysis for the Northwest hydrologic region because, for most of the gaging stations, a mixed-population analysis was used to determine peak-flow frequencies. The mixed-population analysis did not allow calculation of the distributional statistics needed for WLS regression. In contrast, the peak-flow frequencies for mixedpopulation peak-flow records in this study were determined using an alternative procedure that allowed calculation of the distributional statistics needed for WLS regression.
Northwest Foothills Hydrologic Region
For the Northwest Foothills hydrologic region ( fig. 1) , the results of this study generally were similar to the results of Parrett and Johnson (2004) . This study included seven more gaging stations than Parrett and Johnson (2004; table 4) ; the net change generally was because of discretionary considerations related to uncertainty of regulation or general nonconformity of flood frequency analyses at particular sites. The regression equations reported for this study for this region used A and P as explanatory variables; however, Parrett and Johnson used only A as an explanatory variable. The regression equations reported for this study had slightly higher SEPs (a mean of about 4 percent higher and ranging from about 7 percent lower to 10 percent higher for an individual Q AEP ) than the regression equations reported by Parrett and Johnson (2004;  fig. 3 ). Inclusion of the additional gaging stations might have contributed to the slightly higher SEPs but is considered to provide accurate representation of the large variability in peak-flow characteristics in the hydrologically complex Northwest Foothills hydrologic region.
Northeast Plains Hydrologic Region
For the Northeast Plains hydrologic region ( fig. 1) , the results of this study were somewhat different from the results of Parrett and Johnson (2004) . This study included seven more gaging stations than Parrett and Johnson (2004; table 4) ; the net change generally was because of the additional data collected after 1998 and because of discretionary considerations related to uncertainty of regulation or general nonconformity of flood frequency analyses at particular sites. The regression equations reported for this study used the explanatory variables of A and E 5000 (table 4); however, the regression equations reported by Parrett and Johnson (2004) used the explanatory variables of A and mean basin elevation (E, table 4). In this study, E 5000 was able to describe more variability in Q AEP than E. The regression equations reported for this study generally have substantially lower SEPs (a mean of about 32 percent lower and ranging from about 18 to 56 percent lower for an individual Q AEP ) than the regression equations reported by Parrett and Johnson (2004) ; however, the SEP for the Q 50 regression equation reported for this study was about 5 percent higher than the SEP for the Q 50 regression equation reported by Parrett and Johnson (2004;  fig. 3 ). Definitive explanations for the large differences between the SEPs of this study and the SEPs of Parrett and Johnson (2004) are uncertain. Possible explanations might relate to effects of (1) including the additional data collected after 1998 and (2) use of a detailed GIS-based definition of the regulation status of gaging stations, which allowed better determination of the unregulated peak-flow records that are appropriate for use in the regional regression analysis. Notably, the regression equations reported for this study have SEPs generally similar to those reported by Omang (1992) .
East-Central Plains Hydrologic Region
For the East-Central Plains hydrologic region ( fig. 1) , the results of this study were somewhat different from the results of Parrett and Johnson (2004) . This study included five more gaging stations than Parrett and Johnson (2004; table 4) ; the net change generally was because of the additional data collected after 1998 and because of discretionary considerations related to uncertainty of regulation or general nonconformity of flood frequency analyses at particular sites. The regression equations reported for this study used the explanatory variables of A, SLP 30 , and ET SPR ; however, the regression equations reported by Parrett and Johnson (2004) used the explanatory variables of A and E (table 4). The SLP 30 variable is strongly based on theoretical hydrologic relations; larger land-surface slopes generally have greater runoff potential than smaller land-surface slopes. In this study, SLP 30 was able to describe more variability in Q AEP than E. Inclusion of ET SPR was based on strong statistical relations between ET SPR and Q AEP and was considered to be reasonable on the basis of theoretical hydrologic relations. The regression equations reported for this study have moderately lower SEPs (a mean of about 11 percent lower and ranging from about 6 to 15 percent lower for an individual Q AEP ) than the regression equations reported by Parrett and Johnson (2004;  fig. 3 ).
Southeast Plains Hydrologic Region
For the Southeast Plains hydrologic region ( fig. 1) , the results of this study were somewhat different from the results of Parrett and Johnson (2004) . This study included one less gaging station than Parrett and Johnson (2004; table 4) . The regression equations reported for this study used the same explanatory variables of A and F (table 4) as the regression equations reported by Parrett and Johnson (2004) ; however, the regression equations reported for this study also included the explanatory variable of ET SPR . Inclusion of ET SPR was based on strong statistical relations between ET SPR and Q AEP and was considered to be reasonable on the basis of theoretical hydrologic relations. The regression equations reported for this study generally have moderately lower SEPs (a mean of about 10 percent lower and ranging from about 3 to 23 percent lower for an individual Q AEP ) than the regression equations reported by Parrett and Johnson (2004) ; however, the SEP for the Q 50 regression equation reported for this study was about 22 percent higher than the Q 50 regression equation reported by Parrett and Johnson (2004;  fig. 3 ). The SEP for the Q 50 regression equation reported for this study (156.3 percent; table 1-4) is large and indicates substantial uncertainty in predictions. Notably, the SEPs for the Q 50 regression equations reported by Parrett and Johnson (2004) and Omang (1992) also were substantially greater than 100 percent. The pattern of large SEPs for the Q 50 regression equations indicates that peak-flow frequencies for high AEPs (greater than 50 percent) probably are complex and poorly defined by regional regression analysis for the Southeast Plains hydrologic region.
Upper Yellowstone-Central Mountain Hydrologic Region
For the Upper Yellowstone-Central Mountain hydrologic region ( fig. 1) , the results of this study generally were similar to the results of Parrett and Johnson (2004) . This study included one less gaging station than Parrett and Johnson (2004; table 4) ; the net change generally was because of more discriminant screening of redundant gaging stations. The regression equations reported for this study used the same explanatory variables but had moderately higher SEPs (a mean of about 12 percent higher and ranging from about 10 to 16 percent higher for an individual Q AEP ) than the regression equations reported by Parrett and Johnson (2004;  fig. 3) ; notably, there was little difference with respect to the included gaging stations and the explanatory variables. The moderate increases in SEPs for the Upper Yellowstone-Central Mountain hydrologic region might have been affected by larger variability in peak-flow data collected after 1998 in relation to earlier data.
Southwest Hydrologic Region
For the Southwest hydrologic region ( fig. 1) , the results of this study generally were similar to the results of Parrett and Johnson (2004) . This study included four more gaging stations than Parrett and Johnson (2004; table 4) ; the net change generally was because of the additional data collected after 1998 and because of discretionary considerations related to uncertainty of regulation or general nonconformity of flood frequency analyses at particular sites. The regression equations reported for this study used the same explanatory variables as Parrett and Johnson (2004) but had slightly lower SEPs (a mean of about 5 percent lower and ranging from about 2 percent higher to 10 percent lower for an individual Q AEP ) than the regression equations reported by Parrett and Johnson (2004;  fig. 3 ). figure 4 , plotted in relation to contributing drainage area. Additionally, envelope curves encompassing the maximum recorded annual peak flows for each region and selected maximum recorded annual peak flows for the conterminous United States (Crippen and Bue, 1977) are shown in figure 4 . Furthermore, to compare the maximum recorded annual peak flows and the estimated Q 1 for each region, OLS regression lines relating Q 1 to contributing drainage area also are included in figure 4 . Relations between the regional and national envelope curves indicate how the largest regional peak flows compare to the largest national peak flows in reference to drainage area. Relations between the regional envelope curves and the regional Q 1 OLS regression lines provide general information on the relative frequency of the maximum recorded annual peak flows in each region.
The West, Northeast Plains, Upper Yellowstone-Central Mountain, and Southwest hydrologic regions have generally similar relations between the maximum recorded annual peak flows, the envelope curves, and the Q 1 OLS regression lines. The separation between the regional and national envelope curves generally is large throughout the full ranges of drainage areas. The West, Upper Yellowstone-Central Mountain, and Southwest hydrologic regions predominantly are mountainous, and peak flows are primarily affected by snowmelt runoff, with smaller effects from intense precipitation events than the other hydrologic regions. The Northeast Plains hydrologic region is complex, and largely consists of low-elevation glaciated plains interspersed with occasional small mountain ranges; however, with respect to characteristics of large peak flows, the Northeast Plains hydrologic region is somewhat similar to the West, Upper YellowstoneCentral Mountain, and Southwest hydrologic regions.
For the Northwest and Northwest Foothills hydrologic regions, the upper parts of the regional envelope curves (at contributing drainage areas greater than about 100 mi 2 ) generally are closer to the national envelope curves than is the case for the other hydrologic regions. The Northwest and Northwest Foothills hydrologic regions can be affected by largescale regional spring rainfall events that typically are associated with snowmelt runoff.
For the East-Central Plains and the Southeast Plains hydrologic regions, the lower parts of the regional envelope curves (at contributing drainage areas less than about 20 mi 2 ) generally are closer to the national envelope curves than is the case for most of the other hydrologic regions. The East-Central Plains and Southeast Plains hydrologic regions can be affected by intense local thunderstorms, which generally produce large flooding from small basins (Parrett and Johnson, 2004) .
In addition to providing general information on characteristics of large peak flows, the regional envelope curves presented in figure 4 can be used to assess the reasonableness of Q AEP estimates determined using the regression equations reported for this study or using other methods. For example, a Q 1 estimate that plots substantially above a regional envelope curve or substantially below the general trend of the data indicated by the OLS regional regression line might be unreasonable. In such cases, alternative methods for estimating Q AEP might be considered.
Estimating Peak-Flow Frequencies at an Ungaged Site on a Gaged Stream
If an ungaged site is close to a gaging station on the same stream, peak-flow frequencies for the gaging station can be used to estimate peak-flow frequencies for the ungaged site using a drainage-area ratio adjustment. The AEP-percent peak flow at the ungaged site (Q AEP,U ) is calculated using the following equation:
where Q AEP,G is the AEP-percent peak flow for gaging station G, in cubic feet per second; DA U is the drainage area at ungaged site U, in square miles; DA G is the drainage area at gaging station G, in square miles; and exp AEP is the regression coefficient for an OLS regression relating the log of the AEPpercent peak flow to the log of the drainage area within each region (table 5) .
Equation 6 can be used to estimate peak-flow frequencies at ungaged sites on large streams, where the regression equations are not applicable because their large drainage areas fall outside of the range of values used to develop the equations (table 3) . Equation 6 is considered unreliable if the value of DA U /DA G is less than 0.5 or greater than 1.5 (Parrett and Johnson, 2004) . For ungaged sites where the values of DA U /DA G are outside the range of 0.5 to 1.5, the regression equations (table 1-4) might provide more reliable estimates of Q AEP than equation 6.
If an ungaged site is between two gaging stations on the same stream, the logarithms of peak-flow frequencies at the ungaged site can be linearly interpolated between logarithms of peak-flow frequencies at the two gaging stations using the logarithms of drainage area as the basis for interpolation as follows:
where Q AEP,U is the AEP-percent peak flow at ungaged site U, in cubic feet per second; Q AEP, G1 is the AEP-percent peak flow for the upstream gaging station G1, in cubic feet per second; Q AEP, G2 is the AEP-percent peak flow at the downstream gaging station G2, in cubic feet per second; is the drainage area at the upstream gaging station G1, in square miles; and DA U is the drainage area at ungaged site U, in square miles.
Equation 7 also can be used to estimate peak-flow frequencies at ungaged sites on large streams, where the regression equations are not applicable because their large drainage areas fall outside of the range of values used to develop the equations (table 3) . Application of equation 7 might provide unreliable results if the two gaging stations have notably different peak-flow characteristics caused by substantially different periods of record.
Estimating Peak-Flow Frequencies at Ungaged Sites Using StreamStats
The StreamStats Web interface makes estimating peakflow frequencies much easier and more consistent than manual calculation. Also, it allows the user to calculate basin characteristics and delineate a drainage basin for any user-specified point located along on a stream. In StreamStats, the user has the ability to calculate peak-flow frequencies for all four cases presented in the section "Examples of Estimating Peak-Flow Frequencies at Ungaged Sites." When computing peak-flow frequencies using regression equations in StreamStats, the regression equations used are the same as those presented in this report. Specific procedures for estimating peak-flow frequencies at ungaged sites with StreamStats are on the StreamStats Web site at http://water.usgs.gov/osw/streamstats/instructions1.html.
Examples of Estimating Peak-Flow Frequencies at Ungaged Sites
Methods for estimating peak-flow frequencies at ungaged sites are presented for four cases: (1) an ungaged site with no nearby gaging stations on the same stream, (2) an ungaged site on an ungaged stream that crosses hydrologic region boundaries, (3) an ungaged site with a single nearby gaging station on the same stream, and (4) an ungaged site between nearby gaging stations on the same stream.
Although the process and general approach to manually solving the regression equations are fairly straightforward, some of the datasets and the ability to easily delineate the site drainage basin might not be readily available to a given individual in need of peak-flow information. Thus, use of the Web-based StreamStats Program (http://water.usgs.gov/osw/ streamstats/; U.S. Geological Survey, 2015b) is recommended to estimate Q AEP for ungaged sites on ungaged streams; however, examples for estimating Q AEP without using StreamStats are provided in the following sections.
Case 1-Ungaged Site with No Nearby Gaging Stations on the Same Stream
For case 1, an estimate of the 1-percent AEP peak flow (Q 1 ) is needed for a stream at ungaged site 0 in the Southeast Plains hydrologic region and no nearby gaging stations are located on the same stream. The contributing drainage area (A) for site 0 was delineated by GIS analysis of the NED dataset (Gesch and others, 2002) .
Because the SEP is commonly expressed in percent rather than log units, SEP 0 can be converted to percent using the following equation (Tasker, 1978) : 3 /s for a contributing drainage area of 27.70 mi 2 plots below the regional envelope curve and is reasonably consistent with the general trend of the data indicated by the OLS regional regression line ( fig. 4F) . Thus, the Q 1 estimate of 970 ft 3 /s can be considered reliable.
Case 2-Ungaged Site on an Ungaged Stream that Crosses Hydrologic Region Boundaries
For streams that cross regional boundaries, the regression equation for each region can be applied separately, using basin characteristics at the site. The separate results then can be weighted in accordance with the proportion of drainage area in each region. The SEP for such a weighted estimate also can be approximated by using the same weighting procedure based on drainage area.
For case 2, an estimate of the 10-percent AEP peak flow (Q 10 ) is needed for a small stream (at an ungaged site in the East-Central Plains hydrologic region) that originates in the Upper Yellowstone-Central Mountain hydrologic region and then flows into the East-Central Plains hydrologic region. The contributing drainage area for the site was delineated by GIS analysis of the NED dataset (Gesch and others, 2002 ) and determined to be 17.27 mi 2 . For the purpose of solving the Q 10 regression equation for the East-Central Plains hydrologic region, the site was determined (by GIS analysis of the NED and MOD16 [Mu and others, 2007] fig. 1 ) in the East-Central Plains hydrologic region. The contributing drainage area and Q 2 for gaging station 06329200 are 234.12 mi 2 and 4,480 ft 3 /s, respectively (tables 1-3 and 1-2, respectively). The OLS regression coefficient relating contributing drainage area to Q 2 for the East-Central Plains hydrologic region is 0.423 (table 5). The estimated Q 2 for the ungaged site on Burns Creek is calculated using equation 6 as follows: The drainage-area ratio term (121.32/234.12 = 0.518) is only slightly larger than the suggested limiting value of 0.5. For comparison, the Q 2 regression equation for the EastCentral Plains hydrologic region also might be used. For this purpose, the example ungaged site was determined (by GIS analysis of the NED and MOD16 datasets [Gesch and others, 2002) ; Mu and others, 2007] The case 3 example illustrates the use of the drainagearea ratio method for a site with a drainage area ratio near the suggested limit of applicability. In this example, the use of the Q 2 regression equation for the East-Central Plains hydrologic region provides an acceptable alternative method. Both methods produce estimates of Q 2 that are similar and probably of similar reliability. Selection of the most appropriate estimate might involve consideration of the purpose of the estimate. For design purposes, the more conservative (larger) estimate might be selected, whereas for other planning or regulatory purposes, the smaller estimate might be selected.
Case 4-Ungaged Site Between Nearby Gaging Stations on the Same Stream
For case 4, an estimate of the 4-percent AEP peak flow (Q 4 ) is needed for ungaged site U on the Missouri River between Fort Benton and Landusky, Mont., that has a contributing drainage area of 32,327 mi 2 . The ungaged site U is located between the gaging stations on the Missouri River at Fort Benton, Mont. (gaging station 06090800; map number 146; fig. 1 ; contributing drainage area of 24,297 mi 2 ; and the Missouri River near Landusky, Mont. (gaging station 06115200; map number 203; fig. 1 ; contributing drainage area of 39,825 mi 2 ; . The Q 4 values for gaging stations 06090800 and 06115200 are 55,100 and 84,500 ft 3 /s, respectively . The Q 4 at U is calculated from equation 7 as follows: 
Summary
The U.S. Geological Survey, in cooperation with the Montana Department of Natural Resources and Conservation, completed a study to update methods for estimating peak-flow frequencies at ungaged sites in Montana based on peak-flow data through water year 2011 (water year is the 12-month period from October 1 through September 30 and is designated by the year in which it ends). The methods allow estimation of peak-flow frequencies (that is, peak-flow magnitudes, in cubic feet per second, associated with annual exceedance probabilities [AEPs] of 66.7, 50, 42.9, 20, 10, 4 , 2, 1, 0.5, and 0.2 percent) at ungaged sites. The AEPs correspond to 1.5-, 2-, 2.33-, 5-, 10-, 25-, 50-, 100-, 200-, and 500-year recurrence intervals, respectively.
For this study, 28 basin characteristics were selected as candidate variables in the regression analyses. Of the 28 candidate basin characteristics, 7 were determined to have significant relations with peak-flow characteristics and were used in the final regression equations. The most consistently significant basin characteristic was contributing drainage area, which was used in all of the regression equations. Other basin characteristics determined to be significant and used in the final regression equations of one or more of the hydrologic regions include percentage of drainage basin above 5,000 feet elevation, percentage of drainage basin above 6,000 feet elevation, mean spring (March-June) evapotranspiration, percentage of drainage basin with forest land cover, mean annual precipitation, and percentage of drainage basin with slopes greater than or equal to 30 percent.
All of the data used in calculating basin characteristics were derived from and are available through the U.S. Geological Survey Streamstats application (http://water.usgs.gov/ osw/streamstats/) for Montana. StreamStats is a Web-Based geographic information system application that was created by the USGS to provide users with access to an assortment of analytical tools that are useful for water-resource planning and management. Additional information about StreamStats usage and limitations can be found at the StreamStats home page at http://water.usgs.gov/osw/streamstats/. The primary purpose of the Montana StreamStats application is to provide estimates of basin characteristics and streamflow characteristics for user-selected ungaged sites on Montana streams. The regional regression equations presented in this report can be conveniently solved using the Montana StreamStats application.
For each hydrologic region, the final generalized least squares regression or weighted least squares regression equations for estimating peak-flow frequencies at ungaged sites in Montana are presented. Also presented are measures of reliability of the equations, including the model error variance, mean variance of prediction, the mean standard error of prediction (SEP, in percent), the mean standard error of model, and the pseudo coefficient of determination (R 2 ). Selected results from this study were compared with results of previous studies. For most hydrologic regions, the regression equations reported for this study had lower SEPs than the previously reported regression equations for Montana. The equations presented for this study are considered to be an improvement on the previously reported equations primarily because this study (1) included 13 more years of peak-flow data; (2) included 35 more streamflow-gaging stations; (3) used a detailed GIS-based definition of the regulation status of streamflow-gaging stations, which allowed better determination of the unregulated peak-flow records that are appropriate for use in the regional regression analysis; (4) included advancements in GIS and remote sensing technologies, which allowed more convenient calculation of basin characteristics and investigation of many more candidate basin characteristics; and (5) included advancements in computational and analytical methods, which allowed more thorough and consistent data analysis.
This report chapter also includes other methods for estimating peak-flow characteristics at ungaged sites. Two methods for estimating flood frequency at ungaged sites located on the same streams as streamflow-gaging stations are described. Additionally, envelope curves relating maximum recorded annual peak flows to drainage area for each of the eight hydrologic regions in Montana are presented and compared to a national envelope curve. In addition to providing general information on characteristics of large peak flows, the regional envelope curves can be used to assess the reasonableness of peak-flow frequency estimates determined using the regression equations.
Appendix 1. Supplemental Information Relating to the Regional Regression Analysis
This appendix contains supplemental information relating to the regional regression analysis. For the 537 streamflowgaging stations used to develop the regional regression equations, selected information is presented in table 1-1, peak-flow frequency data and maximum recorded annual peak flows are presented in table 1-2, and basin characteristics are presented in table 1-3. Regression equations used for estimating peak-flow frequencies at ungaged sites in Montana are presented in table 1-4. Covariance matrices for generalized least squares and weighted least squares regressions are presented in table 1-5.
An Excel file containing the tables is available at https://doi.org/10.3133/sir20155019F. 
